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(3) Optical communication system comprising a fiber amplifier. 

(57) Disclosed is an optical communication sys- 
tem comprising at least two optical fibers 10, 40 
of dissimilar core sizes, joined by a fusion splice 
60. In one embodiment, the larger-core fiber is a 
communication fiber, and the smaller-core fiber 
is an erbium-doped amplifier fiber. A taper reg- 
ion is included adjacent the splice. The diame- 
ter of the smaller-core fiber increases within the 
taper region as the splice is approached along 
the smaller-core fiber. The taper region is sub- 
stantially free of constrictions. As a consequ- 
ence of the taper region, the optical losses 
associated with the splice are relatively low, 
even when there is relatively high mismatch 
between the mode field diameters (at a signal 
CM wavelength) in the respective fibers. 
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Field of the Inventi n 

Th invention relates to the field of optical fiber 
communication systems including optical fiber 
amplifiers, and more particularly to those systems that 
further include connections between dissimilar optical 
fibers. 

Background of the Invention 

One useful class of amplifiers that shows promise 
for signal amplification in optical fiber based com- 
munication systems is the class of optical fiber 
amplifiers. An optical fiber amplifier includes an opti- 
cal fiber having a core that is doped, inter alia, with 
active ions, typically ions of a rare earth such as 
erbium. In order to operate such a fiber amplifier at the 
highest efficiency, it is desirable to confine the active 
ion doped region to a relatively narrow diameter. As 
a consequence, there is great interest in fiber 
amplifiers having very small cores, for example, cores 
less than about 3 urn in diameter, and correspond- 
ingly small mode field diameters (MFDs). 

In many potential applications, it is envisioned 
that optical fiber amplifiers will be spliced (i.e., sub- 
stantially permanently, optically transmissively con- 
nected) to standard communication fibers, which 
exemplarily have a core diameter of about 8.25 jim 
and an MFD at 1.55 ^m of about 9.9 fim. 

A standard method for transmissively connecting 
two lengths of standard communication fiber, referred 
to as "fusion splicing," involves butting together the 
prepared ends of two fibers in the presence of a heat 
source (e.g., a flame or electric arc) such that the fiber 
ends melt and coalesce. Fusion splices are subject to 
optical losses, referred to collectively as "splice loss. " 
Various factors have been identified as contributing to 
splice loss, including lateral offset of the cores, differ- 
ences in the optical characteristics of the mating fib- 
ers, and changes in the refractive index profile that 
take place during fusion. Moreover, when fibers hav- 
ing widely dissimilar MFDs are joined according to the 
prior art, the mismatch of the mode fields at the loca- 
tion of the splice can also result in high splice loss. 
Some attempts have been made to solve this problem 
by drawing the region of a fusion splice to create a 
taper. This tapered region is said to function as a 
mode transformer that transforms the optical mode 
field of one fiber to that of the other with low optical 
loss. However, tapering the joint by drawing the fibers 
is potentially disadvantageous because, inter alia, 
certain manufacturing difficulties may attach to that 
method. For example, when the mating fibers have 
dissimilar outer cladding diameters (ODs), the fiber 
having the smaller OD tends to constrict more than 
the iarger-OD fiber, causing an abrupt transition from 
a relatively highly constricted small fiber into a rela- 
tively unccnsiricicd large fiber. This enact tends to 



defeat the purpose of the taper. 

It has been observed that during the formation of 
fusion splices, the index-altering fiber dopants are 
capable of diffusion. As a result, the refractive index 
5 profiles in the fibers near the splice may be changed, 
and the splice loss may be affected. This effect is dis- 
cussed, for example, in J. T. Krause, et al., "Splice 
Loss of Single-Mode Fiber as Related to Fusion Time, 
Temperature, and Index Profile Alteration," Journal of 
w Lightwave Technology, CM,. (July 1986), pp. 837- 
840. 

An alternative approach to fusion splicing of fib- 
ers, based on this diffusion effect (and here referred 
to as "diffusion tapering") was reported by, for 
15 example, W. Zeil, et al., "Low-Loss Fusion Splicing of 
PC VD-D FSM Fibers /* Journal of Lightwave Technol- 
ogy, LT-5, (September 1987), pp. 1192-1195. This 
approach involves spreading the smaller of the cores 
of the (not very dissimilar) mating fibers by diffusing 
20 the index-raising dopant during an annealing step 
after the splice is formed. (The index-lowering dopant 
of the cladding was also found to diffuse during heat- 
ing.) 

At a wavelength of 1.3 urn, a splice loss of 0.30 

25 dB was achieved by Zeil, et al. This splice loss was 
smaller than the theoretical loss in a step joint be- 
tween the two fibers, and the difference was attributed 
to diffusion tapering, However, at a wavelength of 
1.55 urn, a somewhat greater loss, 0.35 dB, was 

30 observed, and no reduction of loss attributable to dif- 
fusion tapering was observed. 

In a practical communication system, it is desir- 
able for splices between amplifier fibers and com- 
munication fibers to exhibit still smaller losses, e.g., 

35 losses smaller than 0.3 dB. The Zeli, et al. reference 
does not discJose a technique that can produce low- 
loss splices between fibers having drastically different 
core sizes and MFDs. In particular, Zeil, et al. does not 
suggest the possibility that conventional single mode 

40 communication fibers could be spliced, with losses 
less than 0.3 dB, to erbium amplifier fibers having 
MFDs at 1 .55 ^m of about 4 urn or less. 

Practitioners in the art have until nowfailed to pro- 
vide a fusion splice that is substantially free of con- 

45 strictions and that is capable, for operation at about 
1 .55 um, of joining a fiber having an MFD greater than 
about 6 urn to an amplifier fiber having an MFD less 
than or equal to about4 \urr\ with a total splice loss less 
than 0.3 dB. 

50 

Summary of the Invention 

The invention involves an optical communication 
system, intended to operate at one or more signal 
55 wavelengths, comprising at least two optical fibers of 

dissimilar cere sizes that are joined by a fusion splice. 
The fiber having the larger core, typically an optical 
cc mmu nlcation fiber, hss an h\?D of at least about 5 
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u.m at the signal wavelength. The fiber having the 
smaller core is an optical amplifier fiber having a core 
that is doped with optically active ions such that opti- 
cal signals propagating through it may be amplified by 
stimulated emission. The optically active ions are typi- 
cally rare earth ions such as erbium ions. The host 
glass of the core is silica glass that, in addition to the 
optically active ions, has been doped with germanium 
and aluminum, the amplifier fiber has an MFD of at 
most about 4 ^m at the signal wavelength. Associated 
with the fusion splice is a total splice loss of less than 
0.3 dB. Associated with the fusion splice is a taper 
region comprising a length of the amplifier fiber of 
about 0.5-5 mm wherein the core diameter increases 
as the splice is approached along the fiber. The taper 
r gion is substantially free of constrictions. 

Brief Description of the Drawings 

FIG. 1 is a schematic representation, not to scale, 
of a pair of dissimilar optical fibers to be joined. 

FIG. 2 is a schematic representation, not to scale, 
of a pair of dissimilar fibers joined by a fusion splice 
with diffusion tapering of the core in the splice region. 

Detailed Description 

For illustrative purposes, a preferred embodiment 
of the invention will now be described. 

With reference to FIG. 1, an optical communi- 
cation system according to the invention includes an 
optical amplifier fiber 1 0. Fiber 10 includes a cladding 
20 and a core 30. The system includes a second fiber 
40 which is not an amplifier fiber, and which is typically 
an optical communication fiber. Fiber 40 includes a 
cladding 50 and a core 60. Fibers 10 and 40 are typi- 
cally single mode fibers. 

Cladding 20 of the amplifier fiber exemplarily 
comprises silica glass doped with fluorine to a A" 
(defined as the refractive index difference between 
the cladding and pure silica, normalized to the refrac- 
tive index of pure silica) of about 0.12%. The outer 
diameter of cladding 20 is advantageously the same 
as the outer diameter of cladding 50. If fiber 40 is a 
standard optical communication fiber, then this outer 
diameter is generally about 125 urn. 

The outer diameters of claddings 20 and 50 are 
preferably the same in order to simplify the task of 
joining fibers 10 and 40 with a fusion splice. That is, 
if the respective outer cladding diameters are very dis- 
similar, surface tension, while acting to align portions 
of the respective claddings, can as a consequence 
pull the respective cores out of alignment. This prob- 
lem is controllable provided the mismatch between 
the cuter diameters of the claddings is less than about 
14%. 

Core 30 of the amplifier fiber is exemplarily com- 
posed of silica class : :hst is doted with gerrnania and 



alumina to a A + (defined as the refractive index differ- 
ence between the core and pure silica, normalized to 
the refractive index of pure silica) of about 3.4%. Core 
30 is further doped with optically active ions that 

5 impart to the fiber the ability to amplify optical signals 
by stimulated emission. Such ions are generally 
selected from the group of elements consisting of the 
rare earths. Additional co-dopants may also be pre- 
sent for the purpose, e.g., of altering the spectral 

10 properties of the active ions. Exemplarily, core 30 is 
doped with erbium ions in the concentration range 
10 17 -10 20 ions per cubic centimeter. 

Core 30 may be uniformly doped with active ions, 
e.g., erbium ions. However, to increase the efficiency 

15 with which the active ions are pumped, it may be desi- 
rable to confine the active ions to only a portion of the 
core, i.e., from the center of the core out to some 
maximum radius that is smaller than the radius of the 
core. 

20 Core 30 is desirably less than about 3 nm in 

diameter in order to promote efficient pumping of the 
active ions. Similarly, the MFD of the amplifier fiber at 
the signal wavelength (exemplarily, 1.55 urn if the 
fiber is doped with erbium) is also desirably less than 

25 a bout 4 jxm. 

Other designs of fiber amplifiers are well-known 
in the art, and are described, for example, in U.S. 
Patent No. 4,923,279. 

Turning now to FIG. 2, fibers 1 0 and 40 are joined 

30 by a fusion splice 60. It is desirable for the total splice 
loss associated with splice 60 to be less than 0.3 dB 
in order to achieve optimum performance in the opti- 
cal communication system. 

For illustrative purposes, one procedure for mak- 

35 ing fusion splices is described below. Splice losses 
less than 0.3 dB, and as low as about 0.1 dB, have 
been achieved by using this procedure to join stan- 
dard communication fibers to amplifier fibers having a 
core diameter of about 2.27 jim. 

40 In accordance with the illustrative procedure, the 

respective ends of fibers 10 and 40 that are to be 
joined are first prepared and then assembled in a con- 
ventional fusion splicing apparatus. (Fusion splicing 
apparatuses using, e.g., flames, electric arcs, or tung- 

45 sten filaments as heat sources are well known in the 
art and are readily commercially available.) 

Techniques of end preparation are well known in 
the art. By the use of such techniques, each of the 
ends to be joined is desirably cleaved such that it is 

50 inclined no more than 1° from a plane perpendicular 
to the longitudinal axis of the fiber. After the ends are 
prepared, the fibers are mounted and aligned in the 
splicing apparatus. 

In order to avoid necking down of the splice reg- 

55 ion due to surface tension effects during fusion, it is 
desirable to program the splicing apparatus to move 
the fiber ends together, during fusion, through a pre- 
determined distance (referred tc as "siroks") beyond 
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the point at which they touch such that the necking is 
exactly compensated. Alternatively, it is desirable to 
move the fiber ends together through a predetermined 
distance past the touching point before fusion, such 
that the unheated fibers bow outward from the line 
along which they have been advanced. The predeter- 
mined distance is adapted such that the relaxation 
and straightening of the fibers during fusion advances 
the fiber ends together just enough to counteract the 
eff ct of necking. 

A length of, typically, 0.5 - 5 mm, including the 
contact point and portions of both fibers, is then sub- 
jected to heat treatment. That is, heat is exemplarily 
applied by an oxy-hydrogen torch flame. A longer sec- 
tion of fiber can be heated by moving the flame along 
the fiber. A temperature gradient is produced in the 
fib r being heated that typically declines from a 
maximum near 2000°C to 500°C over a distance of 
about 4 mm on each side of the center of the flame. 
The temperature is within about 10% of the maximum 
over a total length of, typically, 2- 3 mm. 

The heat treatment involves the rapid heating of 
th splice region (i.e., over a length of 0.5 - 5 mm, as 
noted) to a peak temperature that lies generally in the 
range 1700°C-20OO°C, and maintaining the splice 
region at that temperature for a temperature-depen- 
dent time that lies generally in the range 1 -200 sec- 
onds. That is, when the joint between the fibers is 
observed microscopically, a point of time can be 
observed, following the onset of heating, when the 
fiber ends coalesce and the joint disappears. When 
the optical loss of the splice is monitored by a conven- 
tional technique during the heat treatment, it is gen- 
erally observed that this loss continues to decrease 
for a time period following coalescence, eventually 
reaching a minimum value and then beginning to 
increase. Thus, an optimum fusion time can readily be 
identified at a given temperature, such that the splice 
loss is minimal when the peak temperature is main- 
tained for the optimum time period. 

In this regard, reference is usefully made to Fig- 
ure 1 of J. T. Krause, et al., cited above, which depicts 
the dependence of splice loss on fusion time, at vin- 
ous temperatures, for joints between pairs of identical 
fibers of a particular design, namely single mode com- 
munication fiber having an outer cladding diameter of 
125 urn, a Ge0 2 -Si0 2 core having a A + of 0.25% and 
a depressed index deposited cladding of F-P 2 0 5 -Si0 2 
with a A~ of 0. 1 2%. (By A + is meant the refractive index 
difference between the core and pure silica, nor- 
malized to the silica refractive index. Similarly, by A~ 
is meant the refractive index difference between pure 
silica and the cladding portion contiguous to the core, 
similarly normalized.) From that figure, it is evident 
that optimum fusion times typical of such a fiber range 
from about 1 second for a peak temperature of 
2G0C°C to about 200 seconds for a peak temperature 
of 1 700*0. As explained by J. I. Krause, et ai., cited 



above, diffusion occurs during such an extended heat 
treatment. As a result, with reference to FIG. 2, the 
core of fiber 10 tapers out toward the larger core of 
fiber 40 in splice region 60. 

5 It should be noted in this regard that certain vari- 

ations of the basic procedure described above are 
also effective for producing a splice having accept- 
ably low splice loss. For example, after the fiber ends 
coalesce, the heat source, e.g., a flame or an arc 

10 (such as is provided commercially in a conventional 
splicing machine such as the Aicoa-Fujikura Model 
FSM-20C arc fusion splicer), may be shifted to the 
side of the joint corresponding to the amplifier fiber 
(i.e., the fiber having the smaller core). 

15 In another variation, amplifier fiber 10 is alone 

subjected to heat treatment, without fiber 40. After the 
heat treatment, both fibers 10 and 40 are aligned in 
the splicing apparatus and a fusion splice is made in 
the conventional manner. 

20 

Example 

An erbium-doped, single-mode, amplifier fiber 
and a single-mode communication fiber were joined 

25 by a fusion splice with extended heat treatment to 
cause diffusion tapering. 

The amplifier fiber had a phosphorus and fluorine 
doped matched cladding with an outer diameter of 
125 |im and a core diameter of 2.27 um. The core was 

30 doped with 1000 ppm aluminum, 800 ppm erbium, 
and 24 mole% germanium to give a A of about 2.93%. 
The MFD at 1 .55 was about 3.52 um. 

The communication fiber was a dispersion-shif- 
ted fiber having a mladding outer diameter of 125 jam 

35 and a core diameter of about 6.2 um. The fiber had a 
A + of about 0.7% and a A" of about 0. 12%. The MFD 
at 1.55 |im was about 6.7 um. 

The fiber ends to be joined were prepared as des- 
cribed above, aligned in a flame fusion splicing 

40 apparatus, and butted together to produce a bow as 
described above. (The alignment was performed opti- 
cally, by directing light into one of the fibers and, by 
conventional means, varying the relative positions of 
the mating fiber ends to maximize transmission be- 

45 tween the fibers.) 

The radiation power transmitted across the fiber 
joint was monitored by a conventional technique. A 
combined length of about 0.6 mm, centered on the 
contact point, was heated with an oxy-hydrogen 

so flame. The torch that was used is described in U.S. 
Patent No. 4,689,065 issued to J. T. Krause on Aug- 
ust 25, 1987. The torch had thre concentric orifices. 
A hydrogen gas flow at a rate of about 180 cc/minute 
pass d through the central orifice. An oxygen gas flow 

55 at a rate of about 0.1 liter/minute passed through the 
intermediate orifice. An oxygen gas flow at a rate of 
about 0.7 liter/minute passed through the outer 
orifice. 
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The splice region was heated to a peak tempera- 
ture of about 1800°C, and maintained at that tempera- 
ture for a time period of about 10 seconds, at which 
point the maximum power transmission was obser- 
ved. The resulting splice loss measured in ten sam- 
ples at a wavelength of 1 . 31 urn was 0. 12 dB, with a 
standard deviation of 0.02 dB. 



Claims 

1. An optica! communication system adapted for 
operation at least at one signal wavelength, com- 
prising: 

a first optical fiber, the first fiber being an 
optical amplifier fiber, the first fiber including a 
first core that is doped with optically active ions 
capable of signal amplification by stimulated 
emission at the signal wavelength; and 

a second optical fiber joined to the first 
fiber, the second fiber having a second core that 
has a diameter greater than the diameter of the 
first core, the second fiber further having a mode 
field diameter at the signal wavelength of at least 
about 6 Jim, 

CHARACTERIZED IN THAT 

a) the second and first fibers are joined by a 
fusion splice; 

b) the first fiber has a mode field diameter at 
the signal wavelength of at most about 4 ^im; 

c) associated with the fusion splice is a taper 
region comprising a length of first fiber whe- 
rein the diameter of the first core increases as 
the splice is approached along . the first fiber, 
the length of first fiber being at least about 0.5 
mm and not more than about 5 mm;. - - - 

d) the taper region is substantially free of con- 
strictions; and 

e) the fusion splice has a total splice loss at 
the signal wavelength of less than 0.3 dB. 

2. The optical communication system of claim 1, 
wherein the optically active ions are ions of at 
least one rare earth element 

3. The optical communication system of claim 1 , 
wherein the optically active ions are erbium ions. 

4. The optical communication system of claim 1, 
wherein the first core has an elemental compo- 
sition that includes silicon, germanium, and 
aluminum. 
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